Introduction
Neoplastic transformation of differentiating cells results both in the acquisition of unrestricted proliferation and disruption of their differentiation programs. The molecular mechanisms that correlate these two characteristics of cell transformation are poorly understood, nor can we precisely determine how interruption of cell differentiation contributes to the transformed phenotype. The common assumption that transformation could be suppressed by inducing cancer cells to differentiate has, thus far, received only limited experimental support (Spira and Carducci, 2003) . Therefore, establishing appropriate models to address this question should not only help identifying alterations essential for transformation, but also bear on exploring therapeutic approaches, aimed at their correction.
We investigated whether an undifferentiated transformed cell could retain the capacity to respond to the stable expression of genes that determine its fate during development, and how such a response would interfere with transformation. To undertake this study, we selected an ex-vivo model of differentiating quail neuroretina (QNR) cells transformed by the v-Src oncoprotein. The neuroretina (NR) is composed of six types of neurons and one type of glial (Muller) cells, derived from common neuro-epithelial precursors that undergo a limited number of divisions, exit from the cell cycle and migrate to the appropriate strata (Mey and Thanos, 2000) . Therefore, each cell type is defined both by its position within the NR and the combined expression of specific differentiation markers (Jean et al., 1998; Mey and Thanos, 2000) .
Our earlier work established primary avian NR cultures as a useful sensor of mitogenic signals induced by activated oncogenes (Pessac and Calothy, 1974; Calothy et al., 1980; Bechade et al., 1985; Marx et al., 1988; Peyssonnaux et al., 2000) . These cells exit from the cell cycle and can be maintained in a non-dividing state for an extended period, despite the presence of serum growth factors in the culture medium (Combes et al., 1977) . Dissociated NR cells express markers of neuronal and glial differentiation (this study, Layer and Willbold (1989) ) and undergo transdifferentiation, indicating that they can autonomously execute differentiation programs (Okada et al., 1983; Galy et al., 2002) . As a result of v-Src expression, NR cells become transformed and acquire sustained proliferative capacity (Pessac and Calothy, 1974; Pessac et al., 1983) . This oncoprotein was also shown to repress differentiation programs in a variety of specialized cell types (Kahn et al., 1984; Falcone et al., 1985; Trotter et al., 1989) , including NR cells (Guermah et al., 1990 (Guermah et al., , 1991 . Thus, in this primary cell system, the transformed phenotype includes deregulation of both cell division and differentiation. The use of v-Src conditional mutants indicated that this oncoprotein is solely responsible for all transformation induced alterations (Calothy et al., 1980) . We investigated whether v-Src transformed QNR cells could respond to differentiation signals induced by the stable expression of ICN. Notch1 belongs to a transmembrane receptor family, that contributes to fate determination and differentiation of various cell types (Kopan and Turner, 1996; Artavanis-Tsakonas et al., 1999) and plays a key role during NR development. In the early embryonic retina, it maintains neuro-epithelial cells in an undifferentiated state (Henrique et al., 1997) and determines retinal progenitor cell fate (Perron and Harris, 2000) . At later stages, Notch1 promotes formation of Muller glial cells (Bao and Cepko, 1997; Furukawa et al., 2000; Bernardos et al., 2005) . Upon ligand binding, the Notch intracellular domain (ICN) is released by proteolytic cleavage and enters the nucleus where it binds to the ubiquitous CSL (CBF-1/RBP-Jk, Su(H), Lag1) DNA binding protein (Artavanis-Tsakonas et al., 1999) . This converts CSL, from a transcriptional repressor, into a transcriptional activator in association with various cofactors. One of the best characterized target, activated by this complex, is the bHLH HES1 (Hairy, Enhancer of Split) gene that represses transcription of neuronal differentiation genes (Kopan, 2002) and promotes formation of glial cells (Furukawa et al., 2000) .
In accordance with its dual role in development, constitutive activation of Notch signaling has been associated with either tumor development or suppression. Thus, a chromosomal translocation activating ICN, was initially identified in human T-cell leukemia (Ellisen et al., 1991) . Notch mutations were subseqently found in about 50% of acute lymphoid leukemias (Weng et al., 2004) . T-cell leukemias, as well as mammary tumors, were also obtained following Notch activation by retroviral insertion (Jhappan et al., 1992; Rohn et al., 1996) . Finally, forced ICN expression was shown to transform cultured rodent cells, although this transformation appears to require cooperation with other oncoproteins, to bypass cell cycle checkpoints (Girard et al., 1996; Capobianco et al., 1997; Bocchetta et al., 2003) . Conversely, targeted inactivation or specific downregulation of Notch1 signaling was shown to be critical for keratinocyte differentiation (Rangarajan et al., 2001; Nguyen et al., 2006) and development of skin tumors (Nicolas et al., 2003) and for tumor progression in HPV related cervical cancer (Talora et al., 2002) . Moreover, activation of Notch signaling, in small cell lung cancer cells, resulted in tumor suppression through transcriptional activation of p21 cip1/waf1 , thus promoting an exit from the cell cycle (Sriuranpong et al., 2001) .
We report that stable expression of constitutively active ICN, in QNR cells transformed by a conditional v-Src mutant (QNR/v-src ts cells), results in the suppression of their transformed properties. Acquisition of a normal phenotype coincides with a major switch in cell identity, as these undifferentiated cells acquire characteristics of glial differentiation. Similar loss of transformation and gene reprograming can be achieved in QNR/v-src ts cells, stably expressing the human CBF protein, RBP-Jk, whose activity was rendered ligand independent by fusion to the VP16 transactivator. These major phenotypic changes are correlated with a dominant interference with signaling effectors, regulating cell morphology and cytoskeleton organization. We also show that cells reverted to a normal phenotype secrete a factor(s) able to confer normal morphology and cytoskeleton organization upon QNR/v-Src transformed cells and abolish their substrate-independent growth capacity.
Results
Transformation is suppressed in QNR/v-src ts cells stably expressing ICN Primary NR cultures, prepared from 7-day-old quail embryos (QNR), were transformed with Rous sarcoma virus mutant tsNY68, encoding a thermolabile v-Src oncoprotein (Kawai and Hanafusa, 1971) . We transfected these transformed (QNR/v-src ts ) cells, at the permissive temperature (371C), with either a retroviral vector encoding the intracellular domain of chicken Notch1 (ICN) (pCRNCM/ckICN) or with the control vector. G418 resistant cells were pooled and subsequently transferred to the non-permissive temperature (411C), to investigate possible effects of ICN in the absence of an active oncoprotein. Cells transfected with the control vector ceased to divide at 411C ( Figure 1D , c), whereas colonies of dividing cells became readily visible in ICN transfected cultures within 10-15 days ( Figure 1D , m). Their proliferative capacity was sustained beyond 15 passages at 411C, which represents a considerable expansion of QNR cell lifespan in culture.
We correlated acquisition of v-Src-independent proliferation with both ICN expression ( Figure 1A ) and activity by measuring transcriptional activity of luciferase reporter plasmids containing either the mouse HES1 promoter (pHES1) or its mutant version (pHES1mut), following their transfection into QNR/v-src ts /ICN cells ( Figure 1B) . We found that HES1 reporter activity was increased in v-src ts /ICN cells transfected with pHES1, by about 145-fold at 371C and 78-fold at 411C, over that found in cells transfected with pHES1mut. There was no detectable increase in luciferase activity in QNR/v-src ts control cells, suggesting that endogenous Notch signaling was not activated during v-Src transformation of QNR cells (data not shown).
As ICN has been involved in oncogenic processes, both in vivo and in cultured cells (Ellisen et al., 1991; Jhappan et al., 1992; Capobianco et al., 1997) , we investigated whether dividing QNR/v-src ts /ICN cells expressed transformation properties at 411C. These cultures were composed of flat, well-individualized and morphologically normal cells ( Figure 1D , k). Their cytoskeleton was well organized, as underlined by the presence of abundant and thick stress fibers and predominant vinculin localization in focal adhesions ( Figure 1D , q, s and overlay). In contrast, QNR/v-src ts cells, maintained at 411C, contained fewer and thinner stress fibers ( Figure 1D, g ). In the latter cells, vinculin was detected both in the cytoplasm and in focal points ( Figure 1D , i and overlay). Moreover, QNR/v-src ts /ICN cells did not form colonies, when seeded in soft agar containing medium ( Figure 1D, o) . Therefore, acquisition of v-Src-independent proliferative capacity by QNR/v-src ts /ICN cells was not correlated with that of transformation properties.
We next examined if stable ICN expression interfered with v-Src-induced transformation. When QNR/v-src ts control cells are returned to 371C, the oncoprotein is rapidly activated. Consequently, cells resume division ( Figure 1D, d ) and the transformed phenotype is restored. Transferring ICN-containing cells to the Figure 1D, b) , QNR/v-src ts /ICN cells retained their flat morphology and polygonal shape, when transferred to 371C ( Figure 1D, l) . In v-Src transformed QNR cells, disruption of actin cytoskeleton organization was characterized by the loss of stress fibers, together with formation of actin patches and uniform cytoplasmic distribution of vinculin ( Figure 1D , h, j and overlay). In contrast, the actin skeleton of QNR/v-src ts /ICN cells remained well organized at 371C, with the persistence of numerous stress fibers and vinculin concentration at focal adhesions ( Figure 1D , r,t and overlay). QNR/v-src ts cells gave rise to large and numerous colonies, at 371C in the absence of anchorage ( Figure 1D , f), whereas cells expressing ICN failed to divide at 371C, in soft agar containing medium ( Figure 1D , p).
Increased cell mobility is also a characteristic property of transformed cells. Therefore, we compared the migratory behavior of QNR/v-src ts and QNR/v-src 
QNR/v-src ts /ICN cells express markers of glial differentiation
To answer the question raised in this study, we investigated whether the changes in cell shape and morphology, correlated with the loss of transformation, also reflected the capacity of Notch signaling to activate differentiation programs in transformed QNR/v-src ts cells.
Primary dissociated QNR cultures are composed of a mixture of progenitor and differentiated cells. Accordingly, markers of neuronal and glial differentiation, listed in Table 1 , were detected in cells examined between 3 and 14 days after they were seeded in culture, indicating that they can autonomously proceed into differentiation ( Figure 3A ). Investigating the same markers in v-Src transformed cells, we found that a large majority of cells expressed both Pax6 and Chx10 transcription factors, but not the other glial or neuronal markers tested above ( Figure 3B , a-h). Chx10 is required for precursor cell proliferation, then for bipolar cell differentiation (Burmeister et al., 1996) , whereas Pax 6 is essential for eye formation and is expressed in the optic vesicle, retinal progenitors and subsequently in amacrine, horizontal and ganglion cells (Marquardt et al., 2001) . The combined presence of these transcription factors, together with the absence of neuronal and glial markers, is found in vivo in progenitor cells (Belecky-Adams et al., 1997) , indicating that autonomous differentiation was interrupted in QNR/v-src ts cells.
Analysis of differentiation markers revealed a major switch in QNR/v-src ts /ICN cell identity. On the one hand, we no longer detected the presence of Pax6 nor that of Chx10 ( Figure 3B , i, k). On the other, these cells became positive for cytoskeleton markers of glial differentiation, detected by specific 40EC and 3CB2 monoclonal antibodies ( Figure 3B , m, o). Moreover, we could not detect expression of neuronal markers (data not shown). The lack of Pax6 and Chx10 expression, combined with the presence of vimentin is characteristically found in NR glial cells in ovo (Alvarez-Buylla et al., 1987; Prada et al., 1995; Marquardt and Gruss, 2002) . Reactivation of v-Src, upon transferring the cultures to 371C, did not influence the pattern of markers expression ( Figure 3B , j, l, n, p). These results indicated that QNR/v-src ts transformed cells could be induced to express glial differentiation markers and that, once established, their commitment to this pathway was no longer sensitive to v-Src activity. 
Suppression of v-Src transformation by intracellular Notch S Mateos et al
Constitutive activation of RBP-Jk also suppresses transformation of QNR/v-src ts cells To determine whether phenotypic conversion of QNR/ v-src ts /ICN cells was mediated by the ICN/CBF complex, we transfected QNR/v-src ts cells with a retroviral vector encoding the human CBF gene, RBP-Jk, fused to the VP16 transcriptional activation domain (pCRNCM/ RBP-Jk-VP16). This generated an RBP-Jk gene that constitutively activates transcription of the pHES1 reporter, in the absence of ligand-induced Notch stimulation (Waltzer et al., 1995) . Within a few days, after transferring G418 resistant cells to 411C, v-Srcindependent cell division became evident in QNR/ v-src ts /RBP-Jk-VP16 cultures ( Figure 4A , a, c) and was sustained for over 20 passages. Dividing cells displayed a flat, epithelial-like morphology and retained this normal morphology when returned to the permissive temperature ( Figure 4A, b) . As observed with ICN expressing cells, they could not form colonies in soft agar at 371C ( Figure 4A , f), in spite of v-Src presence and autophosphorylating activity ( Figure 4D ). Moreover, expression of both Pax6 and Chx10 was repressed in these cells, concomitantly with the absence of neuronal markers (data not shown) and acquisition of Suppression of v-Src transformation by intracellular Notch S Mateos et al the glial-specific vimentin marker ( Figure 4A , g, h). These phenotypic changes were correlated with comparable expression ( Figure 4B ) and activity ( Figure 4C ) of RBP-Jk-VP16 protein at both temperatures. Therefore, a constitutively active RBP-Jk was able to confer upon QNR/v-src ts cells a phenotype similar to that of QNR/ v-src ts /ICN cells, suggesting that both suppression of transformation and glial differentiation were mediated by the ICN/CBF complex.
Suppression of transformation is specifically correlated with changes in RhoGTPase-and JNK-dependent signaling Among the cellular properties restored to normal, cytoskeleton organization, cell mobility and substratedependent growth are controlled by the Rho GTPases, Rho and Rac/Cdc42 (Jaffe and Hall, 2005) , whose functioning is altered in v-Src transformed cells (Fincham et al., 1999; Pawlak and Helfman, 2002; Servitja et al., 2003) , including QNR/v-Src cells (Aouacheria et al., 2002) . We observed significant changes in the functioning of two major Rho GTPases effectors, Rho kinase (ROK) and p21 activated kinase1 (Pak1), in QNR/v-src ts /ICN, as compared to QNR/v-src ts cells. Thus, ROK activity was markedly increased in QNR/ v-src ts /ICN cells, independently of v-Src activity, as
shown by the abundant presence of its phosphorylated substrate, the myosin light chain (MLC) (Amano et al., 1996) (Figure 5a ). In contrast, phosphorylated MLC was detectable in QNR/v-src ts cells only at 411C, although at a much reduced level in comparison to QNR/v-src ts /ICN cells (Figure 5a ). In addition, treatment of QNR/v-src ts /ICN cells with the ROK inhibitor, Y27632, resulted in a marked cytoskeleton disruption, whereas this treatment induced only limited changes in QNR/v-src ts cells (Figure 5b ). This suggested a correlation between cytoskeleton reorganization and restoration of ROK activity. In support of this possibility, we found that forced expression of a constitutively GTPbound Rho mutant, in QNR/v-src ts cells, led to a partial restoration of stress fibers (data not shown), as reported in other cell types (Mayer et al., 1999) .
We also found that expression of Pak1, a major effector of GTP-bound Rac and Cdc42 (Manser et al., 1994) , was downregulated in QNR/v-src ts /ICN cells. Although comparable Pak1 levels were detected in QNR/v-src ts cells at both temperatures, we observed a major decrease in Pak1 expression in QNR/v-src ts /ICN cells, independently of v-Src activity (Figure 5c ). We correlated this reduction in protein expression with that of Pak1 RNA, detected by reverse transriptase-polymerase chain reaction (RT-PCR) (Figure 5d ). Decreased PAK1 expression was also found in QNR/ As oncoprotein expression and kinase activity were fully retained, in cells reverted to a normal and differentiated phenotype, we next compared the state of v-Src-induced activation of Mek/Erk, PI3K and Stat3 (Yu et al., 1995; Martin, 2001) , in QNR/v-src ts and QNR/v-src ts /ICN cells. We found that all three signaling pathways were comparably activated in transformed and phenotypically normal cells, depending only on vSrc activity (Figure 6a-c) . This suggested that the phenoypic changes which took place, in cells stably expressing ICN, were no longer sensitive to constitutive signaling from these pathways.
Cell transformation by v-Src has also been correlated with c-jun phosphorylation on serines 63 and 73 (Smeal et al., 1992) , that are targeted by activated c-Jun aminoterminal kinase (JNK) (Adler et al., 1992) . In QNR/ v-src ts transformed cells, phosphorylation of both c-Jun and JNK strictly depended on oncoprotein activity, as these proteins were phosphorylated only at 371C (Figure  6d and e). However, both JNK and c-Jun were markedly underphosphorylated in proliferating QNR/v-src ts /ICN or /RBP-Jk-VP16 cells, even in the presence of an active v-Src (Figure 6d and e) . Previous results showed that ICN could inhibit JNK through direct interaction with its JIP1 scaffold protein (Kim et al., 2005) . However, our data suggest that this inhibition rather resulted from indirect mechanisms, as it was also observed in QNR/ v-src ts /RBP-Jk-VP16 cells. Thus, JNK hypophosphorylation could be due to a signaling defect from its upstream activators, consecutive to Pak1 downregulation, or to an increased phosphatase activity, as shown for the latter mechanism in other cell systems expressing activated Notch (Berset et al., 2001; Kim et al., 2005) .
We examined the contribution of JNK inhibition to transformation suppression, by treating QNR/v-src ts cells with the JNK inhibitor SP600125 (Bennett et al., 2001) (Figure 6f ). This resulted in a major change in cell morphology underlined by the progressive reorganization of stress fibers (Figure 6f ). Moreover, we observed the presence of cells expressing vimentin in treated cultures (data not shown). We could correlate this effect with JNK inhibition, as it was not observed in cells treated with either SB203580 or UO128, that inhibit p38 or Mek, respectively (data not shown). This is in agreement with previous reports showing that, in addition to transcription factors, JNK phosphorylates proteins involved in control of cell morphology and mobility (Huang et al., 2003 (Huang et al., , 2004 and is involved in regulating cell migration and morphogenetic movements during development (Xia and Karin, 2004) .
Together, our results showed that reversion to a normal phenotype was specifically correlated with stimulation of ROK activity, downregulation of Pak1 and inhibition of JNK phosphorylation. The combination of these changes is likely to contribute in restoring normal cell morphology and cytoskeleton reorganization. /ICN and /RBPJ-k cells secrete a factor(s) with transformation suppressing activity We wished to understand how activation of Notch signaling could be relayed at the cell surface, to restore normal cytoskeleton and morphology. Therefore, we considered the possibility that these changes could be, in part, induced by extracellular signals activated in QNR/ v-src ts /ICN or /RBPJ-k cells. To test this mechanism, we searched for the presence, in cell-free medium from either culture (ICN or RBPJ-k medium), of a paracrine activity that could modulate the transformed phenotype of QNR/v-src ts cells. Medium from untransformed QNR/v-src ts cells at 411C or from QNR cells chronically infected with avian lymphomatosis virus RAV-1, served as controls in these experiments.
Transformed cells were first incubated with ICN, RBPJ-k, or control medium at 411C (v-Src inactive) during 48 h and subsequently transferred to 371C, to assess possible interference with transformation. Upon v-Src reactivation, cells maintained in control medium developed numerous extensions and became progressively individualized and morphologically transformed ( Figure 7A, a, b) . In sharp contrast, cells incubated with either ICN or RBPJ-k medium retained a flat morphology and an epithelial like organization, with very limited cell individualization ( Figure 7A, c,d ). These morphological differences reflected a major cytoskeleton reorganization, characterized by the restoration of numerous actin stress fibers in cells treated with ICN or RBPJ-k medium, that remained disrupted in cells maintained in control medium ( Figure 7A , e-h). Moreover, we observed a marked reduction in QNR/v-src ts cell mobility in the presence of ICN or RBPJ-k medium, as compared to that of cells in control medium ( Figure 7B ). Finally, QNR/v-src ts cells, seeded in ICN or RBPJ-k medium containing soft agar, were not able to give rise to colonies, whereas control media had no effect on both the number and size of colonies ( Figure  7A, i-l) . Incubation of QNR/v-src ts cells, with either ICN or RBPJ-k medium, also resulted in a marked increase in phosphorylated MLC levels, as compared to control cells ( Figure 7C ). These results indicate that revertant cells secrete a factor(s) acting, in a paracrine manner, on QNR/v-src ts cells to stimulate ROKdependent activity and inhibit their transformation properties.
Discussion
We have shown that undifferentiated transformed cells could be restored to a normal and differentiated phenotype, in response to instructive signals that determine their fate during development. In this cell model, deregulation of cell growth and differentiation, related to transformation, results from the activation of a single oncoprotein, v-Src. The use of a conditional v-Src mutant allowed us to sequentially describe the effects of the signals on the cell system, in the absence of oncoprotein activity, and establish their interference with transformation, once this activity is restored. We showed that, as a result of ICN stable expression, QNR cells transformed by v-Src undergo a major differentiation switch, leading to suppression of their transformed phenotype. Our results also support the possibility that the loss of transformation properties is, in part, mediated by a paracrine/autocrine mechanism. Both suppression of transformation and acquisition of glial markers are recapitulated by constitutive activation of the human CBF, RBP-Jk, and are, therefore, likely to be mediated by the ICN/CBF complex interference with transcriptional regulation in QNR/v-src ts cells. This results in the activation of a glial differentiation program, Pak1 transcriptional downregulation, and the possible activation of a gene(s) encoding a secreted factor(s) with transformation suppressing properties (summarized in Figure 8 ). 
Suppression of v-Src transformation by intracellular Notch S Mateos et al
In contrast to primary cell cultures that spontaneously differentiate into neuronal and glial cells, QNR/ v-src ts cells express only a characteristic combination of precursor cells markers. However, transformation generates a cell entity, distinct from normal precursors, as it cannot autonomously progress into differentiation. We have shown that stable ICN expression can overcome this block and instruct QNR/v-src ts cells to repress precursor cell markers and acquire differentiation traits, similar to those expressed in normal glial cells. This is in agreement with previous reports showing that forced ICN expression increases the proportion of glial cells in explanted normal NR precursors (Furukawa et al., 2000) and indicates that, under these conditions, transformed cells follow a similar differentiation course, as do normal precursors.
Activation of Notch signaling was previously shown to function as a tumor suppressor in epithelial cells (Talora et al., 2002; Nicolas et al., 2003) , through its ability to activate p21 cip1/waf1 transcription and promote exit from the cell cycle (Sriuranpong et al., 2001 ). In our model system, expression of glial markers is compatible with sustained division, suggesting that QNR/v-src ts / ICN cells have not reached terminal differentiation, which normally requires extinction of Notch signaling (Tanaka et al., 1999; Wakamatsu et al., 2000) . Moreover, we found that these dividing cells accumulate elevated levels of p21 cip1/waf1 (data not shown), suggesting that, if any, the role of this protein, in transformation reversion, is distinct from that of a cell cycle inhibitor.
Suppression of QNR/v-src ts cells transformation constitutes a remarkable change, as v-Src is a potent oncoprotein, combining tyrosine phosphorylation of numerous substrates with activation of well-defined signaling pathways (Brown and Cooper, 1996; Martin, 2001; Frame, 2004) . We showed that revertant cells underwent changes in the functioning of Rho GTPases effectors, namely Pak1 transcriptional downregulation and ROK activation. They also displayed reduced JNK and c-Jun phosphorylation. All other v-Src-dependent pathways examined remained comparably activated in transformed and revertant cells. Both changes obviously 
Suppression of v-Src transformation by intracellular Notch
S Mateos et al converge to restore normal morphology and cytoskeleton organization, and inhibit substrate-independent growth. They could also specifically interfere with gene regulation, in the context of Notch signaling and glial differentiation. Thus, Pak1 was shown to interfere with CSL activity by interacting with and phosphorylating SHARP, a component of this repressor complex (Vadlamudi et al., 2005) . In addition, transcriptional repression of another member of this gene family, Pak3, by Notch1 signaling was reported to inhibit Xenopus neurogenesis (Souopgui et al., 2002) . Therefore, PAK1 downregulation may also promote target genes activation by Notch1 signaling. Similarly, c-Jun underphosphorylation, consequent to that of JNK, is likely to alter its transcriptional activity and contribute to the observed phenotypic changes. Furthermore, inhibition of JNK signaling may be specifically required for glial differentiation. This is supported by a report showing that the JNK activator, apoptosis signal-regulating kinase 1, is involved in neuronal differentiation of hippocampus progenitor cells and inhibition of glial differentiation (Faigle et al., 2004) . Finally, our results raise the interesting possibility that restoration of a normal cytoskeleton is, in turn, required for differentiation processing. Thus, drugs causing depolymerization of the cytoskeletal network were shown to inhibit expression of glutamine synthetase, a marker of NR glial differentiation, by a mechanism involving JNK activation and c-jun induction (Oren et al., 1999) . Correlation between transformation suppression and acquisition of differentiation traits, in this model system, is further supported by our finding that QNR/v-src ts cells stably expressing the Rax1 transcription factor, also shown to promote glial differentiation of NR precursors (Furukawa et al., 2000) , not only acquire v-Src-independent proliferation and glial markers, but are also restored to normal and display reduced JNK phosphorylation (data not shown). Therefore, it is likely that stable activation of these instructive signals, in QNR/v-src ts cells, touches upon signaling pathways essential for both transformation and differentiation. Further study of the system should improve our understanding of the mechanisms correlating both processes. It should also support the possibility, raised in this study, of reverting the transformed phenotype by targeting appropriate pathways. This differentiation therapy has been successfully used in the treatment of acute promyelocytic leukemia (Hansen et al., 2000; Douer, 2002) .
Progression toward malignancy is favored by the inability of tumor cells to respond to environmental cues that control growth and differentiation of normal cells (Hanahan and Weinberg, 2000) . However, several reports have established that, in certain model systems, tumor cells remain sensitive to microenvironmental influences (Bissell and Labarge, 2005) . Therefore, characterization of extracellular signals that modulate the transformed phenotype represents an obviously important task. We have shown that QNR/v-src ts cells respond not only to ectopically expressed instructive signals but also to extracellular signals secreted by their revertant derivatives. Treatment of transformed cells with ICN or RBPJ-k medium restored a near normal morphology and cytoskeleton organization, decreased cell mobility and suppressed substrate-independent growth. These major changes are concomitant with the capacity of the secreted factor(s) to activate ROKdependent MLC phosphorylation in QNR/v-src ts cells. Therefore, we propose that, among other interferences with gene regulations, ICN stable expression leads to the activation of a gene(s) encoding a secreted factor(s) that may be, in part, responsible for stimulation of ROKdependent signaling and cytoskeleton reorganization.
This observation raises the interesting possibility of an autocrine mechanism that contributes to maintain the normal phenotype of ICN expressing cells. Providing answers to this question requires identification of this factor(s) and characterization of its potential role in transformation and differentiation.
Materials and methods
Chemical reagents ROK inhibitor Y27632 (( þ )-(R)-trans-4(1-aminoethyl)-N-(4-pyridyl) cyclohexane carboxamidedihydrochloride) was purchased from Calbiochem (San Diego, CA, USA) and dissolved in H 2 O. JNK inhibitor II SP600125 (Anthra[1,9-cd]pyrazol-6(2H)-one1,9-pyrazoloanthrone) was purchased from Calbiochem (San Diego, CA, USA) and reconstituted in dimethylsulfoxide (DMSO).
Plasmids pCRNCM/ckICN vector was obtained by subcloning the ClaI fragment of RCAS/ckICN construct encoding a T7-tagged form of the ICN receptor (kindly provided by R Goitsuka Suppression of v-Src transformation by intracellular Notch S Mateos et al (Morimura et al., 2000) ), into the pCRNCM retroviral vector. The pCRNCM/hRBP-Jk-VP16 construct was obtained by subcloning the EcoRI/SalI fragment of pSG5Flag-RBP-Jk plasmid (kindly provided by A Sergeant (Waltzer et al., 1995) ), encoding a Flag-tagged form of the human RBP-Jk protein fused in its carboxy-terminal end with the transcriptionnal activation domain of VP16. The HES1 reporter vectors (kindly provided by A Israel (Jarriault et al., 1995) ) contain either the wild-type mouse HES1 promoter (pHES1) or the HES1 promoter mutated in its CBF1 binding sites (pHES1 mut).
Cell cultures, virus and transfection QNR were dissected from 7-day-old Japanese quail embryos and cultured in Eagle basal medium supplemented with 10% fetal calf serum, as described (Pessac et al., 1983) . Isolation and properties of RSV tsNY68 mutant were reported previously (Kawai and Hanafusa, 1971 (Pouponnot et al., 1995) . G418 selection was applied 2 days after transfection.
Anchorage-independent growth Anchorage-independent growth was assayed by colony formation of cells (2 Â 10 5 cells/60-mm dish) suspended in 0.35% agar in Dulbecco's modified medium containing 10% tryptose phosphate broth, 2% heat-inactivated chicken serum and 8% fetal calf serum. Solid medium was the above medium containing 0.70% agar. For paracrine activity tests, medium was diluted 1:2 with cell-free culture supernatants and adjusted to 0.70 or 0.35% agar. Colonies were observed 10-15 days later.
Cell migration assay
To assay for random cell migration, cells were plated at low density (35 000 cells/well) on six-well plates. After 4 h, they were placed on the motorized stage of a Leica inverted microscope, equipped with a chamber providing controlled temperature and CO 2 concentration and a Princeton MicroMax CCD camera. Phase-contrast images were obtained and analysed with the Metamorph software (Metamorph Imaging System; Universal Imaging Corp.) running on a PC workstation. The mobility of individual cells was evaluated by tracking their movement over 12 h with images recorded every 4 min using the same software. The average speed (mm/h) of locomotion was calculated as the total track length divided by the number of hours recorded. For each experimental condition, 50-70 cells were analysed.
Immunofluorescence Cells were seeded on coverslips. They were fixed 48 h later with 4% paraformaldehyde in phosphate-buffered saline (PBS) for 10 min and permeabilized by treatment with 0.2% Triton X-100 in 10% goat serum/PBS for 45 min at room temperature. After a 1 h incubation with primary antibodies at room temperature, cells were incubated with secondary antibodies for 1 h at room temperature and mounted in Vectashield Mounting Medium with 4,6-diamidino-2-phenylindole (DAPI) (Vector Laboratories, Burlingame, CA, USA). Primary antibodies were used at the following dilutions: mouse monoclonal 40EC and 3CB2 antibodies (Developmental Studies Hybridoma Bank) 1:50; mouse monoclonal anti-Pax 6 antibody (kindly provided by S Saule) 1:300; rabbit polyclonal anti-Chx10 antibody (kindly provided by T Jessell) 1:500; mouse monoclonal anti-Islet1 40.2D2 antibody (kindly provided by S Saule) 1:1; mouse monoclonal anti-NF68 antibody 
BrdU labeling
One hundred micromolar 5-bromo-2 0 -deoxyuridine (BrdU) (Sigma-Aldrich) was applied on cells during 16 h. After fixation and permeabilization, cells were incubated with mouse monoclonal anti-BrdU antibody (1:200 dilution; Sigma-Aldrich) and DNAse (0.5 mg/ml). They were then processed as described above.
Western blotting
Cell lysates preparation, protein analysis by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and Westernblotting were performed as described previously (Mateos et al., 2003) . Blots were probed with primary antibodies used at the following dilutions: anti-T7 epitope monoclonal antibody Sheep anti-mouse secondary antibody conjugated to horseradish peroxidase (Amersham Pharmacia Biotech) diluted to 1:10 000 was used for monoclonal antibodies. A donkey anti-rabbit secondary antibody conjugated to horseradish peroxidase (Amersham Pharmacia Biotech) diluted to 1:10 000 was used for polyclonal antibodies. Membranes were further processed using the chemiluminescence Super Signal West Dura (Pierce, distributed by Perbio Science, France, Berbie`res, France).
Akt kinase assay
Kinase activity was assayed by using the Akt kinase assay kit from New England Biolabs Inc. (Hitchin, England, UK) as described previously (Peyssonnaux et al., 2000) . PI3K activity was determined by measuring the capacity of endogenous Akt to phosphorylate an exogenous GSK3 substrate. by using an HES1 reporter vector (Jarriault et al., 1995) . Cells (1.5 Â 10 5 ) were plated in 35-mm dishes and transfected the following day by the calcium phosphate method with 2 mg of pHES1 or pHES1mut reporter DNA. b-Actin-lacZ (500 ng) reporter vector was added as internal control for transfection efficiency. Cells were lysed, 48 h later, in 100 ml of reporter lysis buffer (Promega, Charbonnie`res-les-Bains, France). Luciferase activity was measured by using the luciferase assay system (Promega) in a Clinilumat luminometer. b-Galactosidase activity was determined with Galacto-StarAssay system (Applied Biosystems, Foster City, CA, USA).
RNA preparation and RT-PCR analysis
Total RNA was prepared using the NucleoSpin RNA II extraction kit (Macherey-Nagel). RT was carried out with 1 mg of total RNA by using the Promega RT system. PCR was performed, for each cell type, on two different amount of firststrand cDNA with Taq DNA polymerase (Promega) in the presence of 200 mM deoxynucleoside triphosphate and 1 mM primers. Primer pairs, number of cycles and annealing temperatures were as follows: PAK-1 (reverse 5 0 -CCTCTA CATTTGAAGATGTCCA and forward 5 0 -TTAAT GGTT GTTCTTTGTTGCC; 35 cycles; 541C); glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (reverse 5 0 -CATGCAC CACCAACTGTCTG and forward 5 0 -GGTCAACAACAGA GACATTG; 25 cycles; 551C).
